Abstract. Hyperspectral imaging under transmittance mode has shown promising results for detecting internal defect in pickling cucumbers
Introduction
Automatic sorting and grading of fruits and vegetables using machine vision or imaging technology has been implemented in packing and/or processing houses to enhance product consistency and reduce labor cost. As for many other horticultural products, machine vision systems currently being used in pickling cucumber processing facilities are mostly designed for inspection of external features (i.e., size, shape, color, and/or surface defects) but not for internal defects. Pickling cucumbers are susceptible to internal damage. Adverse growing conditions and/or excessive mechanical load during harvest, transport and postharvest handling are the major causes for internal damage in pickling cucumbers, which often occurs in the form of carpel separation or hollow centers (Miller et al., 1995) . These defective cucumbers, if not segregated, would cause a bloating problem during brining. Since hollow center is largely hidden inside cucumbers, it is difficult to detect with current machine vision systems. Sorting for internal defect currently is not performed on fresh cucumbers but only on whole desalted pickles. Defective pickles are separated from normal ones by visual inspection and/or hand touch of pickles moving on the conveyor belts. Human sorting and grading of defective cucumbers is not cost effective and also prone to error due to speed demand and fatigue (Ariana and Lu, 2008a) . Hence it is desired that a machine vision system be used for removing defective pickling cucumbers from normal ones prior to brining.
Hyperspectral imaging (or imaging spectroscopy), which was initially used for earth remote sensing, has been extensively studied for food and agricultural product quality evaluation in recent years. The usefulness of hyperspectral imaging lies in its ability to simultaneously acquire both spatial and spectral information from an object, which generally covers a portion of the electromagnetic spectrum, anywhere from ultraviolet to infrared (200 nm to 12 µm), depending on application needs and system configurations. In its simplest form, a hyperspectral imaging system consists of an objective component to gather an image, a dispersive element such as a grating to split the image into spectral channels, and a CCD detector or camera to capture the resultant spatial-spectral images. Most food and agricultural product are heterogeneous, and as a result, their properties and characteristics may vary greatly spatially. Hence hyperspectral imaging technique would be preferred in many food quality and safety inspection applications because it can capture the sample's spectral information in a spatially resolved manner. Conversely, conventional spectroscopic technique cannot provide information on the spatial distribution of chemical compounds in the sample (Peirs et al., 2003) . Example applications of hyperspectral imaging for food and agricultural products include detection of bruises and other defects on apples (Lee et al., 2008; Nicolaï et al., 2006; Mehl et al., 2004; Lu, 2003) , fecal contamination on apples and poultry carcasses (Park et al., 2007; Kim et al., 2002) , citrus canker (Qin et al., 2009) , internal defect in pickling cucumbers (Ariana and Lu, 2008a) , and freeze damage in mushroom (Gowen et al., 2009) . Most hyperspectral imaging applications use a pushbroom sensing configuration to build 3-D hyperspectral image cubes, which contain spectral information for each pixel in 2-D space. Hence it will need time and large computing capability to acquire, process, and analyze the images, making it difficult to implement the technique in an online system that requires high speed. For this reason, hyperspectral imaging is often used as a research tool to identify select important wavebands that can be implemented in an online multispectral (using only a few wavebands) machine vision installation.
Transmittance measurement using white light (Miller et al., 1995) has shown some success in detecting internal defects in cucumbers because differences in light transmittance existed between normal and defective cucumbers. Recent research using hyperspectral imaging in transmittance mode showed promising results since the method provides both spatial and spectral information and thus would be more effective for detection of internal defect (Ariana and Lu, 2008b) . This study was therefore focused on determining the optimal wavebands from the hyperspectral images acquired using a hyperspectral reflectance (400-740 nm) and transmittance (740-1,000 nm) imaging system for detection of internal defect in pickling cucumbers.
Materials and Methods

Cucumber samples
'Journey' pickling cucumbers were hand harvested in September 2008 from experimental fields of Michigan State University in Oceana County, Michigan. The cucumbers were washed and sorted. Cucumbers that had obvious external defect and/or were misshapen were discarded. Only those cucumbers with a diameter of 37-55 mm (commercial size 3) were selected for the experiment. Prior to the sample selection for the experiment, several harvested cucumbers were sliced and visually inspected to ensure that the cucumbers were free from internal defect that may have been caused by adverse growing conditions and/or improper handling. A total of 300 cucumber samples were used in the experiment.
Hyperspectral Imaging system
A prototype hyperspectral imaging system developed in the USDA/ARS postharvest engineering laboratory at Michigan State University, East Lansing, Michigan was used for this research (Fig. 1 ). An imaging spectrograph (ImSpector V10E OEM, Spectral Imaging Ltd., Oulu, Finland) with the spectral range of 400 -1,000 nm was attached to a CCD camera (Sensicam QE, The Cooke Corp., Romulus, MI, USA). The camera had 1376 x 1040 pixels and was thermoelectrically cooled to -12 o C using a peltier element. A 23 mm fixed focal lens (Xenoplan, Schneider Optics, Hauppauge, NY, USA) was attached to the front side of the spectrograph. Two illumination sources were used in the prototype. A 150-W tungsten halogen lamp with a DC-regulated power supply (Fiberlite A240P, Dolan-Jenner Industries, Lawrence, MA, USA) connected to a dual fiber optic line light was used for reflectance illumination. The two fiber optic line lights were positioned above the belts symmetric to the camera axis to provide relatively uniform illumination on the fruit for both lanes. A short-pass filter with the cut off wavelength at 740 nm was installed between the lamp and the fiber optics to block the light energy above 740 nm, hence avoiding the mixing of reflectance with the transmittance signal in the near-infrared region. A second light source, consisting of a 410-W tungsten halogen lamp with a built-in reflector (FXL/5, Eiko Ltd, Shawnee, KS, USA), was used for transmittance illumination. The lamp was housed in a custom made enclosure containing mirror and lens to direct the light to the whole cucumbers. One light enclosure was installed underneath the top portion of the belts for each lane.
Image acquisition and pre-processing
The camera was set to run continuously with two ms exposure time and 8x8 binning, with a conveyor belt speed of 110 mm/s or approximately up to two cucumbers per second. The first set of hyperspectral images were acquired from the 300 cucumbers before they were subjected to mechanical stress to induce internal damage. These images represented normal cucumbers and provided the ground truth information. Each cucumber was then subjected to rolling between a benchtop and a 30-cm square board supporting a 10 kg load. Two different rolling times (15 and 30 s) were applied to two groups of cucumbers (150 each) in order to introduce light and severe internal damage. The second set of hyperspectral images were acquired from the mechanical stress-treated cucumbers, which represented the internal defect class.
After imaging, the cucumbers were sliced diagonally into six pieces of approximately the same thickness for visual inspection of its internal quality. Grade 0 or 1 was assigned to each slice for normal and damaged endocarp (seed cavity) respectively. A normal slice (grade 0) was characterized by seeds being intact within the seed cavity; a defective slice (grade 1) was characterized by the formation of water-soaked lesions in the endocarp (seed cavity) and/or hollow at the center (Fig. 2) .
Each hyperspectral image had 130 wavebands covering wavelengths from 360 nm to 1009 nm with 5 nm spectral resolution. However, due to noise in the region of 360-500 nm, only 100 wavebands between 500 nm and 1000 nm were used for data analysis and algorithm development. The system implemented continuous in-line light calibration by placing reference materials in the field of view of the imaging system. The intensity values for the visible range from 500 nm to 740 nm were calibrated by a reflectance reference placed in between the lanes, while the intensity values in the spectral range of 740 nm to 1,000 nm were calibrated by two transmittance references placed at the outer side of each lane. A more detailed explanation on the in-line light calibration of the prototype hyperspectral imaging system can be found in Ariana and Lu (2008b) . 
Wavebands Selection
Hyperspectral images are high-dimensional data and exhibit a high degree of interband correlation, leading to data redundancy that can cause convergence instability in classification models. Therefore, the use of fewer wavebands is preferable for more stable classification and easier implementation in a multispectral imaging system to meet the speed requirement of a sorting line. Many techniques are available for selecting wavebands from hyperspectral images. One of them is correlation analysis, a common method to evaluate the relationship between input features and output. The method was proved effective in removing redundant features, and it has been used successfully for defect detection on apples and mandarins (GomezSanchis et al., 2008; Lee et al., 2008) . Correlation analysis for single waveband, ratio, and difference was used to find the best wavebands for internal defect detection in pickling cucumbers. The predictor variables for calculating the correlation coefficients were single waveband, ratio, or difference of two wavebands, and the response variable was cucumber class, i.e., 0 or 1 for normal and defective cucumbers respectively. Single wavelengths, ratio and difference of two wavelengths that had absolute high correlation with cucumber class (normal or defective) were selected and tested to perform pixel based classification with its corresponding threshold calculated using Otsu's global image thresholding method (Otsu, 1979) . Median filtering was applied to the segmented images to remove small noises. Images that contained more than 5% defective pixels were classified as defective.
Results and Discussion
Representative hyperspectral images of normal and defective pickling cucumbers at six selected wavelength from 500 to 1,000 nm along with their corresponding color (RGB) images are shown in Fig.3 . Images at 500, 600, and 700 nm were reflectance images which carried mostly color information; meanwhile images at 800, 900, and 1000 nm were transmittance images. The images on each rows have been scaled for maximum contrast. For visual observation purposes, the RGB images (at top row) were generated from the hyperspectral image cube in the 500-700 nm range by first computing CIE tristimulus values (X, Y, and Z) using weighted ordinate method, followed by a conversion to RGB values. The intensity of images at 800 nm was higher (appeared brighter) compared to other wavebands. Furthermore, images at 800 and 900 nm appeared brighter in defective cucumbers than in normal cucumbers. In some severely defective cucumbers, bright areas appeared more intense compared to the surrounding pixels in the images at 800 nm (e.g., the second cucumber from the left for the defective group in Fig. 3 ). These bright areas did not appear in the visible range. Representative spectra of normal and defective cucumbers are shown in Fig. 4 . The displayed plot shows mean ± standard deviation spectra extracted from the masked hypercube data of the 300 normal and defective cucumbers each. Overall, signal was stronger in the NIR region than in the visible region. Both normal and defective spectra exhibited strong absorption at 680 and 950 nm due to chlorophyll and water absorption respectively. Local maxima at 550 nm represented green color of cucumbers. Defective cucumbers had higher peak transmittance at 775 nm compared to normal cucumbers, which was also in agreement with the images shown in Fig. 3 . The overlapping spectra in the visible region of 500-725 nm for normal and defective cucumbers suggested that both classes had similar color. Hence it would be difficult to segregate defective cucumbers from normal ones using hyperspectral reflectance images. Rolling treatments of 15 and 30 s to the cucumbers did not result in significantly different levels of damage, as shown in Fig. 5 and also from visual observation after the cucumbers were sliced.
Classification results for the first three best selected wavelengths for each category are shown in Table 1 . Images at 740 nm resulted in the best single waveband classification, with an overall accuracy of 87.0%. For the ratio of two wavelengths, the selected wavebands were 940 and 925 nm, which resulted in an overall classification accuracy of 85.0%, and for the differences, images at 745 and 850 nm were the best combination with an overall classification accuracy of 90.8%. Surprisingly, single spectral images at 740 nm resulted in better accuracy compared to the ratio. All the selected images that resulted in high classification accuracies were mostly in the near-infrared region, which is in agreement with the previous study (Ariana and Lu, 2008b) . Representative images for the classification results are shown in Fig 6. Coloration was added to the cucumbers and defective areas to enhance visual observation. Most of the defective areas in the segmented images appeared large, although smaller areas were also identified, which might have been due to damage in the form of water soak lesion in the mesocarp region near the surface. The light scattering abilities of cellular components (e.g., cell walls, starch), which normally diffract or reflect light, might have decreased due to the fluid build-up from the ruptured cells (Miller et al., 1995) . Severely defective cucumbers would transmit more light because they had a substantial portion of the endocarp missing, which was consequently filled with air. Figure 6 . Segmented images of normal and defective cucumbers (damage areas are denoted with red color).
Conclusion
Results from this research showed that fewer wavebands can be selected from hyperspectral transmittance images to effectively identify cucumbers with internal damage from normal cucumbers. Simple correlation analysis resulted in selecting spectral images at 740 nm for the best single waveband classification with an overall accuracy of 87.0%. Waveband ratio of 940 and 925 nm resulted in marginally lower performance than 740 nm alone, with an overall classification accuracy of 85.0%. The best classification accuracy was achieved using difference of two wavebands at 745 and 850 nm with an overall classification accuracy of 90.8%. Reflectance images for the visible region of 500-740 nm were mostly useful for surface features identification. Since internal defect in pickling cucumbers was generally hidden inside the cucumbers and was not visible from the surface, transmittance mode in the near infrared region of 740-1,000 nm was more effective for the detection. The selected wavebands will be useful in designing an online multispectral imaging system. Further studies are needed to test the effectiveness of the selected wavebands for different pickling cucumber varieties.
